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ABSTRACT
The digital traffic increased manifold over the years with increasing number o f users 
of the internet irom home based PCs to large businesses and research organizations. 
Electronic switching is a mature and sophisticated technology; however, the optical signals 
require conversion to electronic form in order to be switched. All optical switching 
eliminates the optical-electronic-optical conversions. Advances in all optical technologies 
coupled with rapidly rising demands for network bandwidths are fueling an increasing 
amount of research in the field o f optical switching. Some o f the current technologies are 
micro-electro-mechanical-systems technology and electro-optic teclmology. However the 
former technique is slow with switching times in the order of milliseconds and the latter 
method although fast is expensive.
Magneto-optical materials have been successfully used in optical devices such as 
isolators and circulators; however, they have overall led to very few optical fiber based 
applications especially in optical communications. The emphasis of this thesis is the 
investigation of Faraday rotation for small beam sizes that are compatible with standard 
single mode and multimode optical fibers. Rare earth iron garnet films suitable for optical 
communication wavelengths in the 1310 nm and 1550 nm range were used due to their high 
magneto-optical figures o f merit, which is the ratio of optical absorption to Faraday rotation. 
The Faraday rotation for an optical beam size that is comparable to the domain width o f the 
given magnetic material is different than the linear Faraday rotation expected for a large 
beam size. For the first time the nonlinearity of the Faraday rotation for a small optical beam 
size has been experimentally studied. The Stoner-Wohlfarth astroid model predicts very well 
the observed Faraday rotation. This abrupt transition is generally sought after in the design of 
devices especially switching devices. This work e). tends the application o f magneto-optical 
materials to all fiber devices which includes high speed switches as well as interferometers. 
A Mach-Zehnder interferometer (MZI) based on Faraday rotation is proposed and 
experimentally implemented, which in the current framework the device is an on/off switch. 
The simple construction and operation o f the Mach-Zehnder interferometer (MZI) makes it 
suitable for application in photonic integrated circuits. Thus interferometric configuration
IX
paves the way for fabrication of integrated magneto-optical devices that are low cost, better 
performing and compatible with all-fiber optical communications networks. An integrated 
magneto-optical MZI switch on silicon-on-insulator (SOI) substrate is also proposed.
A one dimensional scan of the magneto-optical sample was performed with a simple 
fiber based assembly. The idea can be expanded for dynamic imaging of the domain 
mechanisms in the presence of an applied magnetic field. A new system for dynamic imaging 
of domain mechanism has been proposed.
CHAPTER 1 Introduction
Conveying of messages by opiical means is not new and has been around since 
ancient times, for example the use o f fire signals by the Greeks in the 8th century B.C. for 
sending alarms, calls for help or announcements o f certain events. Though this seems to be 
far av/ay from the concept of modem age communication netw^orks it still signified the need 
for man to communicate efficiently. The telegraph invented by Morse in 1838 was the 
beginning of electrical communication [1]. In 1870 John Tyndall, demonstrated transmission 
of light by total internal reflection in a stream of water. A decade later, Alexander Graham 
Bell demonstrated an optical voice transmission system 'photophone', that could transmit 
voice through 200 m through free space optics [2]. Although air is transparent to the optical 
spectrum but signal transmission is adversely affected by clouds, rain, snow etc, therefore 
means o f reliable transmission o f the optical signal were researched on in the early part o f the 
20th century. Low loss optical fibers made of glass or plastic were developed and by 1960 
glass clad fibers had an attenuation o f 1 dB/ m. In September of 1970, Robert Maurer, 
Donald Keck and Peter Sc' lUltz at the Corning Glass Works (now Corning Inc.), announced 
single-mode fibers with attenuation below 20 dB/ km at 633nm [3].
The standard optical fibers used today encompasses the 1310nm range and the 1550 
nm wavelength ranges and are widely used for commimication due to the least dispersion and 
attenuation in these wavelength bands respectively. The availability o f optical amplifiers and 
sources such as lasers at these wavelengths also make these wavelengths interesting from 
communications point o f view. Several manufacturers also offer zero water peak single mode 
fibers extending the wavelength range from 1260 nm-1625 nm with loss of about 0.3 IdB/ km 
in the 1400nm range and minimum attenuation of 0.2IdB/ km at 1550 nm [4].
The immense bandwidth of optical fibers, more than 25 THz, is used by the ever 
growing bandwidth intensive applications such as video-on demand, home shopping, remote 
education, telemedicine, videoconferencing etc. The Digital traffic increased manifold over 
the years with increasing number of users of the internet from home based PCs to large 
businesses and research organizations [5]. Advances in optical technologies coupled with 
rapidly rising demands for network bandwidths are fueling an increasing amount of research 
in the field o f optical switching. Electronic switching is a mature and sophisticated
technology where at each switching node, optical signals are converted to electrical form 
(0/E  conversion), switched electronically and subsequently forwarded to their next hop after 
being converted to optical form again(E/0 conversion). The drawback is that these O/E/0 
conversions are a bottleneck in the realization o f a fiber network capacity for bandwidth 
intensive applications. All optical switching tliat eliminates the need for the O/E/0 
conversions have been developed. The technologies that generated most interest were micro­
electro-mechanical systems (MEMS), electro-optic technology that uses materials such as 
LiNbOs, liquid crystal technology, bubble switching technology that is commonly used in 
inkje: printers, acousto-optical technology, thermo-optic technology and techniques using 
semiconductor optical amplifiers [6-12].
The technologies described above controlled the interaction o f light with matter in 
order to achieve the switching functionality. Magneto-optics is another means by which light 
interacts with matter in the presence of a magnetic field which controls the interaction. The 
interaction is in the form o f change in polarization o f the optical signal. Although magneto- 
optic materials have been successfully used in optical devices such as isolators and 
circulators [13-14], they have overall led to very few optical fiber based applications 
especially in optical communications. Based on this work a better understanding of the 
domain processes that have the potential to be employed in the domain of optical devices, is 
gained and through experiments the concept of magnetic domain engineering for the purpose 
of devices such as switches and sensors is developed.
The focus o f this thesis is the investigation o f Faraday rotation for small beam sizes 
that are compatible with standard single mode and multimode optical fibers. Rare earth iron 
garnet films suitable for optical communication wavelengths in the 1310 nm and 1550 nm 
range were used due to the high magneto-optical figures of merit (MOFM), which is the ratio 
of optical absorption to Faraday rotation [15]. This work extends the application of magneto­
optical materials to all fiber devices which includes high speed switches as well as 
interferometers. A Mach-Zehnder interferometer (MZI) hased on Fara ay rotation is 
proposed and experimentally implemented, which in the current framework the device is an 
on/ off switch. The simple construction and operation of the Mach-Zehnder interferometer 
(MZI) makes it suitable for application in photonic integrated circuits. Thus interferometric 
configuration paves the way for fabrication of integrated magneto-optical devices that are
low cost, better performing and compatible with all-fiber optical communications networks. 
An integrated magneto-optical MZI switch on silicon-on-insulator (SOI) substrate is 
proposed.
Based on this work a better understanding of the domain processes that have the 
potential to be employed in the domain o f optical devices, is gained and through experiments 
the concept o f magnetic domain engineering for the purpose o f devices such as switches and 
sensors is developed.
Chapter 2 reviews the theoretical background of fomiation of magnetic domains and 
Faraday rotation as a result o f interaction of light with matter. The theoretical review of 
domains is based on refs. [16-18] and the explanation o f Faraday rotation is based on [19], 
which contains an excellent review of the phenomenological model. The overview of the 
atomic model for the Faraday rotation is based on [20, 21].
Chapter 3 contains the details o f the equipment that was used in the experiments. 
Faraday rotation for a small beam size is investigated experimentally for the magneto-optical 
material described in section 4.1. In chapter 4 the results are presented and the observed 
Faraday rotation is discussed with the help of the Stoner-Wohlfarth astroid [16, 22, 23]. The 
significant contribution is the observation of nonlinear response o f Faraday rotation for small 
beam sizes as nonlinearity is one o f the important properties for switching devices.
Mach-Zehnder interferometer utilizing Faraday rotation is analyzed in chapter 5. 
Interferometric devices have very strict tolerances with respect to the absolute and relative 
phase and intensity o f the interfering signals. Section 5.3 discusses the performance of the 
proposed MZI due to the various perturbations introduced by the components that constitute 
the interferometer. Chapter 6 investigates the experimental setup of the MZI interferometer 
and the experimental results are reported. With the successful implementation of the MZI 
utilizing Faraday rotation paves way for integrated design. Switching time of the device is 
dependent on the magnetization reversal dynamics o f the magnetic material; however before 
this physical limitation is reached the switching time is dependent on how fast the external 
field switches. This is discussed in section 6.3.
In chapter 7 we report on the proposal for the concept and design of the MZI switch 
on SOI substrate. Following an overview of the SOI technology the simulations for the 
integrated switch are presented. With the results obtained from this work we propose a fiber
based imaging system for magnetic materials in chapter 8, which completes the last section 
of this thesis.
This work has led to some interesting future work such as microsolenoid design with 
application in micro-sized devices and a fiber based optical imaging system for fast detection 
of magnetic domains which is not possible with the currently used scanning based 
microscopes.
CHAPTER 2 Conceptual Overview
To understand Faraday rotation which affects the state of polarization (SOP) of an 
electromagnetic wave (EM) we first define the polarization o f an EM wave. This chapter 
starts with a brief explanation of the relationship between the SOP and the magnitude and 
relative phase o f the components of the EM signal. Next the theoretical background and 
ov erview for the existence of domains in a magnetically structured material such as ferro and 
ibrrimagnetic materials is discussed. This is followed by theory of Faraday rotation in section 
2.3. Faraday rotation is the result o f anisotropy generated in materials due to magnetic field. 
Thus, the physical understanding of these phenomena helps in the interpretation of the 
experimental results within the theoretical framework.
2.1 Polarization
Polarization is a property of an electromagnetic (EM) wave that describes the time
varying E field vector. In other words it is the curve traced out by the end point o f arrow
representing the instantaneous electric field. The field must be observed along the direction 
of propagation [24]. Polarization falls into three categories: Linear, circular and elliptical 
polarization. Let us consider a wave propagating in the z axis as follows,
E = a,E„^ cos(cot -  I3z + + a^E^y cos(owf ~l3z + <p^ .) (2.1)
then the case o f three different polarizations arises when,
• Linear: Either E„.^  or E^^is zero, or 0,. = Oor 180"
• Circular: E^  ^ = E^  ^and -0 ,. = odd multiple of90". It is called clockwise (CW)
circular polarization when (j>^ -  0 > 0 and counter-clockwise (CCW) when 0^ , -  0^ , < 
0 .
• Elliptical: All otoer cases.
Thus changing the polarization o f an EM wave is an indirect method of controlling 
the relative phase of the E,, and Ey components of an EM wave.
62.2 Theory of Domains
Domain theory is useful in order to explain the internal structure of a magnetically 
ordered material such as ferromagnets and ferrites. Detailed discussion of tliis theory is 
available in references [16-17]. In Weiss domain theory [18],
• atomic magnetic moments were in permanent existence (Weber's Hypothesis),
• the atomic moments were ahgned even in the demagnetized state,
• in the demagnetized state only the domains were randomly aligned,
• the magnetization process consisted of reorienting the domains in the direction of the 
field.
In order to explain the alignment o f the atomic moments within a domain Weiss introduced a 
mean field to the Langevin model of paramagnetism. The Langevin model was
developed for noninteracting localized electrons o f a paramagnet and considered that the 
atomic magnetic moments were randomly oriented as a result o f  thermal agitation. The Weiss 
mean field is an interatomic interaction that aligns the neighboring magnetic moments 
parallel in order to lower the energy. This model explains the structure of an individual 
domain very well; however it can only be applied within a domain and does not explain the
change in the direction of magnetization from one domain to another. Classically the
exchange energy that results due to magnetic moment m and is,
= -.«om-He • (2.2)
According to Weiss mean field model,
H„ = oM , , (2.3)
where a  is the mean field parameter. Since = N m , where N  is the number of atoms per 
unit volume,
E,,= -(iaO N m , m j ,  (2.4)
where m and m are neighboring moments.
Nevertheless exchange interaction is a quantum mechanical effect and the magnetic 
ordering is a result o f the alignment of the atomic spins. This alignment is governed by the 
lowering of energy, Hand's rules and Pauli's exclusion principle. An Oxygen molecule 
though paramagnetic is a good example to understand the spin alignment. The electronic 
configuration o f an oxygen atom is ls^2s"2p'* and the electronic spins are as follows,
2P t t t i
2s t i
18 f |
Let the line joining the two atoms in the oxygen molecule be along the x axis. Now in 
the molecule each atom shares its valence (2p) electrons with the other. These eight electrons 
occupy molecular orbitals that are a consequence of the constructive and destructive 
interference of the individual atomic orbitals called as bonding and antibonding (denoted by 
*) orbitals respectively. The bonding orbitals have lower energy than the antibonding orbitals 
and the molecular orbitals have different energies then the atomic orbitals. The atomic 
orbitals are further classified as symmetric (cr) and antisymmetric (nr) orbitals as shown in 
figure 2.1, with x being the molecular axis.
Oxygen molecule
Ox'
/  V
Oxygen /  v  Oxygen
atom 1 % y  s  a tom 2
Figure 2.1 Schematic of the molecular orbitals o f the O2 molecule.
The nr states a~e degenerate because of symmetry in 
the plane perpendicular to the molecular axis [17].
We can see that the electrons occupy the lowest energy states first with six electrons 
completely filling the lower levels giving the net spin and orbital magnetic moment equal to 
zero. The remaining two electrons occupy the next available lowest energy states (nr*). These
levels are energy degenerate therefore the two electrons occupy them in such a manner as to 
lower the Coulomb energy, which means they have their spins aligned parallel. This effect is 
the exchange interaction and has exchange energy associated with it.
As noted above, the Weiss model was limited to the ordering within a single domain 
and not for the complete domain structure of magnetically ordered specimen. To explain the 
formation of domains Landau and Lifschitz in 1935 [25], showed that it was a consequence 
of energy minimization. A single domain sample has large magnetostatic energy as compared 
to when it consists of regions (domains) that provide flux closure at the ends of the sample. 
Thus domain formation reduces the magnetostatic energy, provided that the magnetostatic 
energy is greater than the energy needed for the formation o f domain walls. To calculate the 
energy o f a single-domain particle, consider the energy per unit volume of a dipole of 
magnetization M  in a magnetic field H, given by,
E  = dM  ■ (2-5)
Let us consider the case when only the demagnetizing field is acting on the 
particle, then Ha = -Nd M. The equation 2.5 becomes,
E  = ^ N , M ~ -  (2-6)
2
We can note that reduction o f M  by the formation of domains reduces the 
magnetostatic self-energy. The presence o f domains is justified by the above theories which 
leads to the interesting question as to what is the magnetization characteristic when going 
from one domain to the other. These transition regions are called domain walls. The 
thickness of a domain wall is determined by the competition between exchange energy and 
the magneto-crystalline anisotropy energy.
Magneto-crystalline anisotropy energy depends on crystal structure of the solid and is 
due to the spin-orbit interaction that couples the spin moment to the not-completely- 
quenched orbital moment at every atomic site in the crystal [26, 27]. Anisotropy energy 
depends on the direction of the magnetization relative to the structural axes o f the material 
and is minimum when the moments are aligned along the crystallographically equivalent 
axis. I f  (5 = na,{a = lattice parameter) is the thickness of i >e domain wall then this energy per 
unit area for a uniaxial crystal is given by,
(2.7)
where Kj is the coefficient of uniaxial anisotropy. In the classical treatment the exchange 
energy for a domain wall is given by equation 2.8 below.
Eex = (p' n (2.8)
where L, denotes the interaction between nearest neighbors only, m is the magnetic moment, ^  
is the angle between neighboring moments and n is the number of moments in the wall. Thus 
as understood above, the exchange energy forms thick domain walls as the exchange energy 
is minimized with the moments aligned parallel, whereas the anisotropy energy tends to form 
thin domain walls as it is minimum with the moments aligned along the crystallographic axis. 
The total domain wall energy per unit area (y) for a 180° wall ((p = ti/ n) is,
(2.9)
ôa dy
The width of the domain wall is derived by equating —  = 0 and is equal to,
db
Domain walls are o f Bloch and N /o l types. In Bloch walls the magnetization rotates 
in the plane o f the wall, whereas it rotates in the perpendicular plane for walls. Bloch 
walls have lower energy than N /o l walls however for sufficiently thin films walls may 
be favorable.
2.3 Theory of Faraday Rotation
The origin o f Faraday rotation can be explained by two possible models: the 
phenomenological model that is briefly explained by Balanis [19] and the atomic model 
exaplained by Zvezdin [20].
2.3.1 Phenomenological model
In this model a magnetic material is replaced by an array of magnetic dipoles that are 
aligned to each other forming the magnetic structure o f the material as shown in figure 2.2. 
When an external field is applied the dipoles turn in the direction of the field. Similar to the 
precession of a top in the gravitational field, an isolated single magnetic dipole rotates with a
10
precession frequency, known as the Larmor precession frequency, in the presence of an 
external magnetic field.
Figure 2.2 Orientation of the magnetic dipoles is (a) random in the 
absence of (b) and aligned in the presence of an 
applied field respectively [19].
Like the torque exerted by the gravitational field on a spiiming top, an external 
magnetic field exerts a torque (T) on a single magnetic dipole moment m given as,
L =  /Jijiii X Ilfi =  111 Bft (±11)
where m= n ids , Hq is the applied magnetic field and Bo is the applied magnetic flux density. 
This torque causes the dipole to precess around the z axis, which is parallel to Bo as shown in 
figure 2.3. The magnetic dipole moment o f a single electron of mass nie moving with a 
velocity v in a circle of radius a is,
 ^ (2 12 .'
f i . J.
and the angular momentum can be written as.
The ratio is the gyromagnetic ratio y and is equal to,
12 IT )
(2 11 )
11
The angular momentum P  is antiparallel to the magnetic dipole m due to the negative 
electron charge. The rate o f change of the angular momentum is equal to the torque, thus,
- /u .h lP  P  '-/I ') : '
or
where con has the unit o f frequency and is called the Larmor precession frequency.
vi. I I 11.1
U)o
Figure 2.3 Torque on a single dipole moment m causmg it to precess about the 
applied field, the angular momenhim P is directed antiparallel to the 
dipole moment [19].
When light travels through the material in the presence o f /?n, the a.c. magnetic field 
of the electromagnetic signal is superimposed on Bn. This a.c. field perturbs the Larmor 
precession. Now consider a linearly polarized optical signal propagating throughout the 
material in the z direction. The a.c. magnetic field (of the optical signal) be is a superposition 
of two circularly polarized waves denoted by /?fhe right hand (CW) polarized field, U\ ,
and the left hand (CCW) polarized field, I'i are directed perpendicular to the z axis as
shown in figure 2.4. These fields can be written as,
=  i u’ l;. “  j’u'ÿ ■
All I
12
Lût
Bî COS cot
(a)
i L
.eut
, coscot
sincot
(à)
Figure 2.4 Rotation of magnetic field as a fiinction of time, for (a) clockwise and (b)
counterclockwise polarizations [19].
(a)
Figure 2.5 Precession of a spinning electron caused by applied magnetic field (a) clockwise
and (b) counterclockwise [19].
The resultant B ;  field is at an angle i f  from the z axis and is given by,
13
i
i,3|(
as shown in figure 2.5. B r  also rotates about the z axis in the CW and CCW directions
for ;  ^ and B] respectively. Under the steady state conditions the magnetic dipole will be 
forced to precess about the z axis at the same rate. Now according to equation 2.15,
r/P+
T +  == m +  .. B,:*- =  I". |P +  X =  ^+<1: .X P +
d P
df
T -  =  m  B ,- =  - | i  |P  - - B r  =  u: - P
or
or
— I '  I [ (B /  sin'O ) Ci IS o '  — [IP IDS I'/ ) sill ] =  u.- siio"
From figure 2.5 we can write the following,
sh ir,+  12.21a)
I" |P -  B r  s /n (/:' -  f / ' :' =  LL' P  s m o  (2 .2 Ih)
i 2.22 a )
I, z .z.ut,'
=  Bn ':2 2dli:'
IP  sin /i* =  I 2.2.k: I
IP — Bfi 1.2 2.hi.I
therefore, equation 2.22 is reduced to,
I . , , , , ,  =  I l 2 : i _  =  J 2 2 l_  , D i i „
" 4" vv* vt 11 +  ^
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Thus components of n t"  rotate in sync with B  f  are,
== fu;]' t.,n r,+  =  (2.35a)
vV'O -  LV- '
ta n ,; /-  -   ^ ,
.4-, I T  .4."
Consider N  orbiting electrons per unit volume and uniform density, the total magnetization is 
M= Nm. B is related to the magnetie field intensity H and the magnetization vector as,
I H T  +  1 =  fu, m f  f  .V m + )  =  /,o f \  (3.2da)\  û.'1'i — lJ ' J
/.'(I +  I M ]  ) =  ( t o  ( H i  T  . V u i f  )  =  , t h ,  [ H i  —  ^ j  =  P e  H ]B 4.
thus and are the effective permeabilities for clockwise and counterclockwise 
circularly polarized waves respectively and are given by.
j i j  =  I 1 +  -
=  j.u} I 1 -f
;n T .L.' /
It is known that the phase velocity and the phase constant is influenced by the permeability 
thus the phases associated with equation 2.27 will be different. 1 his feature of 
magnetooptical materials such as ferrites is utilized for the design o f optical devices.
2.3.2 Atomic model
Single-ion model is a good approximation to describe MO properties [77, 78]. Thus 
free-ion theory is useful in describing the microscopical origin of magnetooptical effects in 
terms o f quantum mechanics [21]. The Hamiltonian o f a free ion can be written as,
/ /  =  / i l l  T - I l . r  T  I 2 , 2 8 . 1
where H q is the sum o f single-particle Hamiltonians with potential energies corresponding to 
the self-consistent central-field approximation, is the energy related to the electrostatic 
e~ -  e” interaction and //„ , is the Hamiltonian describing the spin-orbit interaction. The state 
of the ion is determined by the distribution of the electrons among the single-electron state,
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which is in turn determined by the Pauli-Fermi principle and by the minimum energy o f the 
ion. Most magnetooptical materials are governed by ions that deal with unfilled 3d and 4f 
shells. For these the Russell-Saunders coupling (L-S coupling) i.e. the spin-spin and orbit- 
orbit couplings is the strongest. Here the orbital angular momenta o f the electrons are 
strongly coupled such that states with a different total L and/or different total S have 
different energy. Thus the ground configuration, defined by Hq, splits into terms with 
particular values of the total (spin) S  and (orbital) L momenta, and the state is described by 
the wavefunctions \k \S ,L ,M ^ ,M j)  , where K  is the configuration index. The splitting of 
the configuration k  is shown in figure 2.6 where all the important interactions are 
considered.
2S+1
2S+1
CFee
Figure 2.6 The interactions splitting the configuration K  in the corresponding hierarchy [20].
The interaction o f the ion with the external field (the Zeeman interaction) takes the 
following form:
R z  =  B ^ 2 ' ^  +  2^',' ) ' H
where 1/ and s, are the angular and spin momenta of the i th electron respectively, and the 
summation Is taken over all of the electrons of a particular configuration. Projection o f the 
Zeeman Hamiltonian onto the functional space o f ihe particular term + and the 
multiplet - ''' ■*■ * /, r provides other approximate forms of the Zeeman Hamiltonian:
/ / V =s + ilS) H i'J.db '
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for the term and
== (2 
for the multiplet, where 1  ^ is the Lanûe factor o f the ion, which depends on the quantum 
numbers S, L, J. The Hamiltonian of the Heisenberg exchange between the ions:
/ / „  =  V ] „ s , S j
where I,j the exchange integral o f the i th and the j  th ions, is the spin Hamiltonian, which 
parameterizes the low-energy part of the ene gy spectrum of the electrostatic interaction in 
the system o f ions. In materials having a substantial concentration of magnetic ions, this 
interaction accounts for the development of the magnetic order. It is important to note that 
the exchange field affects only the spin of the ion and is therefore not equivalent to a 
magnetic field, which also affects the orbital momentum. This difference is substantial for 
magneto-optics.
In a simple model the state o f an ion is given by J  and M, which are the eigenvalues 
of the angular .'mentum operator of the ion and its z  projection. A magnetic field removes 
the degeneracy of the multiplet in M, splitting each J  multiplet into 2/+1 levels. The selection 
rule for the electric dipole transitions can be easily obtained by taking into account that the 
angular momentum and its z projection for photons o f CW(CCW) polarization are /  = 1 and 
m = +1 (-1), respectively. Thus the CW (CCW) polarized photon will induce a transition of 
the ion to the state with A ./ =  ± 1 ,0  and A .l/ =- + i 1 u — 1 j. These different transitions 
result in different dispersion values for the CW and CCW polarized light that gives rise to the 
Faraday effect,
2.4 Overview of Magnetooptical Switches
In 1983 Aoyama et. al. reported a new Faraday rotator (FR) using a thick garnet film 
grown by liquid-phase epitaxy (LPE) and developed a magneto-optic switch for single-mode 
fiber systems [49]. The input and output fibers were single mode however the actual 
switching was free space in nature and coupling lenses were used for transforming the beam 
from fiber mode to free space and vice versa. The effect o f beam size on Faraday rotation 
was not considered in the paper and the Faraday rotator was used as a 45" rotator at a
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saturaüo 1 field o f 100 Oe. This bias field was applied with the help o f a solenoid wound 
about the FR material. The switching time was reported as 250 ps at +5 V and 30 ps at +20 
V was dependent on the rise/fall time of electromagnet driving current. Another 2x2 
magneto-optical switch for single mode fibers was reported in 1984 by Shirasaki et. al., using 
Yttrium iron garnet (YIG) Faraday rotators [51]. The input light was split by a prism into two 
perpendicularly polarized components. Each component was rotated by the YIG FR and a 
halfwave plate with the total rotation being ( f  or 90° depending on the direction of 
magnetization of the FR. The output prism combines the components and the total is 
obtained from output 1 or output 2 respectively. The YIG was operated at saturation for the 
switching but to reduce the operating power the core o f the solenoid was made of a semihard 
magnetic material (Nibcolloy).
In 2002 Didosyan et. al. proposed and demonstrated a magnetooptic switch based on 
domain wall motion in orthoferrites [50]. The schematic for the 1x2 switch is shown in figure 
2.7. A polarizer is inserted (with the main plane forming an angle of 45° with the vertical) in 
the input channel to which a laser with 1.32 pm wavelength is connected. Behind the 
polarizer the 1.2-mm-thick orthoferrite crystal is mounted. The diameter of the light beam 
incident on the crystal equals 300 pm. The sample is in a single domain state and rotates the 
polarization plane by ±45°, depending on the sign of the domain's magnetization. Thus, 
depending on the sign of the driving magnetic field pulse, the polarization of the light 
incident on the polarization separating element in the form of a prism is either horizontal 
with the light propagating to output port 1, or vertical with the light being deflected by the
prism to output port 2.
Output 1 A
Orthofcrritc crystal
Input
Polarizer
Polarization beam splitter
Figure 2.7 Schematic o f the switch using orthofe.'-rite crystal proposed by Didosyan et. al.
[50].
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The most interesting experimental result in this paper was the piiming of the domain 
walls by cutting grooves in the planes parallel to those of the domain walls, thus lowering the 
domain wall energy in the vicinity o f the grooves. This way by applying a magnetic field of 
opposite direction, polarities o f the domains change whereas the DWs still remain at the 
same positions. Thus only short current pulses were needed to change the state o f the switch 
from OFF state to ON state and vice versa. The above described switches represent the type 
of switches that were investigated for optical applications. The common features were that 
the switching involved free space beams, collimating lenses and the switching veld was 
equal to the saturation field of the employed magnetic material .
The contribution of this thesis is the investigation of Faraday rotation for small beam 
sizes, that are compatible with standard single mode and multimode optical fibers using rare 
earth iron garnet films that have a high magneto-optical figures of merit (MOFM) in the 
optical communications wavelength range of 1310 nm and 1550 nm. The all optical design of 
the switch would reduce the insertion loss related to fiber mode to free space mode and vice 
versa mode conversions. The overall complexity of the switch is also reduced as collimation 
and alignment is considerably reduced by direct coupling o f the fiber with the Faraday rotator 
material.
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CHAPTER 3 Instrumentation for Optical Measurements
A High Speed Systems Engineering Laboratory (HSSE) was setup as part of NSF 
grant to build a research and haining laboratory in the field of high speed systems 
engineering. As part o f the HSSE lab an optical laboratory was set that allowed graduate 
level research and is functioning as a training lab for undergraduate students at the junior and 
senior level. Research work in tlie lab shed light on basic principles of optics and also 
provided students with exciting applications to learn from. In addition, students are trained in 
measurement techniques to enhance their understanding of current measurement teclmology 
[69]. In this chapter the equipment used in the experiments is described. Most important was 
the Lightwave measurement system that contained the laser source as well as the power 
sensor module. Another piece of equipment that was used is the polarization controller.
3.1 Lightwave Measurement System, Agilent 8164A
The Agilent 8164A Lightwave Measurement System mainframe shown in figure 3.1 
hosts, Agilent 81640A tunable laser module, Agilent 81635A power sensor module along 
with a return loss measurement module and an attenuator module. The mainframe can store 
upto 4000 measurement results/ channel, and the minimum sampling time for the power 
sensor module is 100 ps [43]. All the modules are accessible via Hewlett Packard Interface 
Bus (HP-IB) interface. For recording measurements the mainframe was connected to a PC 
running MATLAB code that was written for acquiring data and controlling the instrument. 
Next the modules that were used in the experiment are described in brief.
3.1.1 Optical Source, Agilent 81640A
Agilent 81640A tunable laser was used as the optical source, the module is shown in
figure 3.1. It is Class 3A according to lEC 825 -I; 1993, and has a full tuning range from 
1510-1640 nm, the other specifications are given in table 3.1. The specified SSE was 
measured with optical spectrum analyzer at 1 nm resolution bandwidth. In the internal digital 
modulation operating mode the duty cycle for the operation is 50% and the modulation 
frequency range is 200 Hz-300 kHz.
2 0
C 3  %
n:# J#
•
.# 1
0 J
Figure 3.1 Agilent 8164A, Lightwave Measurement System [43]. 
Table 3.1 Agilent 81640A specifications.
Pnrmnotor Speeificntion AkuMU'emont nntertum ty
lüelatîvo wnvelongtli accnrucy 0.1)14 nm ±0.2 pm
Absiiduto wnvok-ngth aecnracy 11.03 nm ±0,0 pm
Mode liop Ireo timing I'l.O-j nm ±0.2 i»m
W: ivi' It! ug 1.11 I t 1.1 ah Hit V 0.1)18 uu:i ±0.1 pm
Total power liiu;'aritT 0.6 ±0.05 dB
slgn-d-to-sonrre spontnneoiu^ 
omission ibSE) ra tio  (1610-1640 mn)
> 30 d B / uiu NA
3. .2 Power sensor, Agilent 81635A
The power sensor element material is InGaAs with a wide detection bandwidth, 
wavelength 800-1650 nm, and power 10 to -80 dBm. It accepts SMF and MMF upto a core 
radius o f 62.5 pm and the connector interface is FC type. A schematic o f the power sensor is 
shown in figure 3.2 and it is mounted in the appropriate slot in the 8164A mainframe. For the 
power measurements the averaging time can be set with the minimum time being 100 ps.
3.2 Polarization controller, Agilent 8169A
Agilent 8169A polarization controller consists of a linear polarizer (LP), a quarter 
wave plate (QWP) and a half wave plate (HWP) as shown in figure 3.3. It generates a variety 
of polarization states for the input signal depending on the rotation angle of the LP, QWP and 
the HWP [44]. The rotation of the plates can be set using the front panel
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InpiiH InGaAs
-t-IOdBm -SOdBm
In p u C
i
InSa^ s
Figure 3.2 Agilent 81533A Dual power sensor module [45].
knob and/or the entry keys. For example if  the input light is elliptically polarized the LP can 
be rotated to align with the major axis o f the ellipse and allows the intensity component 
parallel to it to pass but blocks the component o f light along the minor axis. This way a 
linearly polarized output is obtained given that the LP and HWP are not rotated. The 8169A 
has a GPIB interface and can be interfaced to a PC enabling software control and data 
acquisition with the help o f MATLAB.
Figure 3.3 Schematic of the arrangement of the polarizing components constituting Agilent
8169A [44]
3.3 Microtranslation Stage
An ultra-high resolution motorized translation stage , M-110 available from Physik 
Instrumente (PI) GmbH & co. KG, was used to provide a total travel of about 5 mm; the 
experiment is described in detail Section 8.2. The operation of the translation stage shown in 
figure 3.4 is controlled by a stepper motor actuated motion via a backlash-compensated
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precision leadscrew/nut system and gearliead [46, 47]. The resolution of the stage is 7 nm per 
count and the minimum incremental motion is 50 nm at speeds upto 1.5 mm/ sec. The 
performance and the speed of the translation stage is determined by three terms: Proportional 
gain, Integral gain and Derivative gain also known FID parameters.
e
I S r .  > \ l - l l H y v  I If.I
........
^  ï > i  (  u r v  1 î t  a  * n t p ' i f *  r  T v i f l i  i h *  -  m u  i  f a o - ;  t h »  f i v . n t  . t i u l  p m i
Lt' *" i47»
Figure 3.4 PI translation stage
Proportional gain (P), is the slope between the proportional relationship between the position 
error and the motor voltage, the specified range is 150-300. Integral gain value is set in order 
to overcome the friction-induced static errors, the specified range is 0-25. Lastly the 
derivative gain is set to increase the damping of the motion and reduee the overshoot at the 
end o f the motion, the specified range for this parameter is 0-400. Mercury DC motor
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controller C-862, figure 3.4(b), actuates the microstage M-110. The RS-232 serial data input 
interface on the motor is connected to a PC and a MATLAB code controls the motion of the 
stage via the motor.
3.4 Additional Optical Components
The lab also has,
• single mode liber based 3 dB optical couplers,
• single mode fiber based polarization splitters and combiners,
• single mode fiber based optical isolators,
• Thorlabs Det410 photodetector.
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CHAPTER 4 Faraday Effect
Performance of magnetooptical devices is governed by tire properties of the 
magnetooptical material. The material of the Faraday rotator is thus o f significance in our 
device. The materials most suitable for use in optical applications are rare earth iron garnets 
and orthoferrites especially for optical communication wavelengths in the 1310 nm and 1550 
nm range. These materials have a high magneto-optical figures of merit (MOFM), which is 
the ratio of optical absorption to Faraday rotation, in the near infrared range[28-32]. Rare 
earth garnets exliibit high values o f optical figure of merit in 1000 nm < X > 5500 nm 
wavelength range. Flence they have applications in the optical communications wavelength 
range o f 1310 nm and 1550 nm. Compared to orthoferrites, bismuth substituted iron garnet 
have negligible birefringence, higher MOFM, and greater adaptability to the use o f advanced 
epitaxial growth techniques [28]. Temperature stability o f the device material is another 
important parameter as devices are deployed in different geographic locations and must work 
reliably for a reasonable temperature range. Extensive research regarding improvement o f the 
material characteristics has been done over the years. Thick film rare earth doped garnets 
grown by liquid-phase epitaxy and orthoferrites have yielded better performance [30-32]. 
Fratello et al reported improvement in the temperature dependence, absorption and the 
required bias field for bismuth doped rare earth iron garnet [15].
4.1 Magnetooptical Material
A simplified explanation for the improvement in the properties by addition of
Terbium and Gallium is given here, and is based on the work of Fratello et al. The Faraday 
rotation of an iron garnet is a sum of contribution o f the sublattices constituting the material 
and is given as,
6/ =  C \  ) 3 / , .  ( 2  f  :) ( A , . V , ,  J  I -F  A  i \ ,  ) .  , 1 1 ,
Where C(X), D(k), and A(k) are the wavelength-dependent magneto-optic coefficients o f the 
c (dodecahedral), d  (tetrahedral), and a (octahedral) sublattices respectively and M c(T) , 
M d(T) and M a(T) are the temperature dependent saturation magnetizations of the sublattices. 
Here the large temperature dependence of the bismuth induced Faraday rotation was adjusted
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by the addition o f terbium that resulted in the large negative temperature coefficient o f Mc(T) 
in the region o f interest. Although zero temperature dependence can be achieved by 
substituting Tb, the tradeoff is the increase in the thickness of the material for achieving the 
same Faraday rotation as the amount of Bi is reduced. In the referenced paper a compromise 
between the two was achieved resulting in 15-20 % reduction of the temperature coefficient. 
A composition of (Bi,, T6 , g )(f'^4.25 ^ < 0^.75 2 exhibited good performance in terms of high
Faraday rotation and low insertion loss as well as low temperature dependence. For a 
wavelength o f 1.3 [.im, 330 pm thickness of the material rotated the state o f polarization by 
45°. The samples were grown by liquid phase epitaxy techniques and low intrinsic loss for 
the material, about O.ldB, was reported.
The samples described above were obtained from Integrated Photonics, Inc.. The 
specified Faraday rotation for the sample was 45° at a saturation magnetic field of about 350 
Oe. Typically Faraday rotation for ferrimagnetic materials can be treated as linear with 
applied field {Happ) up to its saturation field (/-/,„/), as shown in figure 4.1. In the linear region 
the Faraday rotation is 0= dsai (Happ/Hsai) where 0^/ is the rotation at saturation. This 
relationship is true when the diameter o f the optical beam incident on the surface o f the 
material is large enough to sample a large number of domains in order to average out the 
effects o f the contributions by individual domains. For smaller beam sizes this relationship 
does not hold, and individual contributions play a role in the determination of the Faraday 
rotation. For a small beam size the value of Faraday rotation shows spatial dependence as 
the local magnetic structure is non uniform as is illustrated in figure 4.2.
Figure 4.1 Faraday rotation is linear with the applied field for a large beam size.
2 6
-o Magnetic sample
Optical beam size relative to the size 
of the magnetic domains
Figure 4.2 The Faraday rotation response for an optical signal is dependent on the size o f the
beam illuminating the material.
4.2 Measured Faraday Rotation
The mode field diameter of a multimode fiber is about 62.5mum which is comparable
to the dimensions o f the magnetic structure of the sample measured magnetic force 
microscope as shown in figure 4.3. The experimental setup for the measuring Faraday 
rotation is shown in figure 4.4. An analyzer crossed with respect to the linearly polarized 
input light is placed at the output. The analyzer converts the rotation of the SOP of the 
incoming light into intensity modulation as,
=  i l 2)
where 0 is the angle between the optical axis of the polarizer and the polarization axis o f the 
incoming signal. The measurement scheme is further explained by figure 4.5. It is assumed 
that the beam size is small enough and that it passes through a single domain. Single domains 
are in the saturated state but the direction of magnetization is random in the demagnetized 
state. Since the samples that we used have perpendicular anisotropy, the direction of 
magnetization is rotated by 180° in the adjacent domains and is perpendicular to the surface 
of the sample. A domain with magnetization almost parallel to the direction of the applied 
magnetic field is called a parallel domain (PD) and a domain with magnetization antiparallel 
to the applied field is called an antiparaliel domain (AD). In the absence o f an applied field, 
PD rotates the linearly polarized input light by +45" and AD rotates it by -45°, as shown in 
figure 4.5. Thus if the optical axis o f the analyzer is oriented perpendicular to the light 
transmitted through the PD, the power of the signal received is minimum. In this scheme
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when the polarized light transmits through the AD then it is aligned along the analyzer axis 
by virtue of the -45" rotation. In the presence of the external field, let the Faraday rotation be 
±(p. The measured power output is equal to,
id da:'
for PD and AD respectively. These equations suggest that a PD changing to APD or vice 
versa, under the influence o f an external magnetic field will change the polarization by ±90° 
respectively. For a large beam size as in the case o f free space optics the net internal 
magnetization interacting with the incident beam polarization is zero. Therefore the Faraday 
rotation is also null in the absence of an external magnetic field. The application of a field 
parallel/antiparallel to the domains produces a Faraday rotation o f +/- 45". However the 
maximum extinction ratio obtained is 3 dB less than that obtained for a small beam size. 
Therefore a combination o f small beam size and a polarizer-analyzer setup as described 
above can obtain a larger extinction ratio, a factor very useful in building functional 
magnetooptical devices. It is important to note that due to the small beam size the response of 
the magnetic medium depends on the location of the spot on its surface.
40,0 60.0 80.02 0 .0
Figure 4.3 Magnetic force microscope image of domain structure o f the magnetic material
sample.
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4.3 Measurement of Faraday Rotation.
The measured Faraday rotation with applied field can be clearly seen in figure 4.6.
The input/output fibers were multimode fibers, with a beam diameter o f 62.Sum, with the 
fiber end faces in contact with the MOFR. Thus the diameter o f the optical beam sampling 
the surface of the material can be assumed to be 62.Sum. The output intensity varies almost 
nonlinearly as the field is increased from 120 Oe to 140 Oe. This behavior is different than 
the linear Faraday rotation predicted for a large beam size that rotates by ± 45° at a saturation 
field o f >350 Oe.
Optical power sensor
MO film
Polarization controller, Agilent 
8169A
Analyzer
Tunable laser, Agilent 
81640A
xx.xx
dB
Variable D.C. power 
supply across solenoid
-«€) O O O
Figure 4.4 Schematic of the setup for the measurement of Faraday Rotation using the
polarizer-analyzer combination for discriminating the obtained polarization states.
SO P ro ta tio n  by  ■, 
an tipara lie l d o m a iit 
(tran sm itte d  th ro u g h  tl 
polarizer)
4
j SO P in p u t s ig n a l
Po a rize r a x is
0  = a n g le  o f ro ta tio n  w ith  ap p lied  
field
ro ta tio n  by paralle l dom ain  
locked  by  th e  pciyrizer)
Figure 4.5 Schematic of the polarization measurement scheme.
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Figure 4.6 Measured Faraday rotation, with varying applied field.
4.4 Discussion
In the case o f high uniaxial anisotropy, the magnetization is naturally aligned along 
one o f the two opposite easy directions. Let us briefly discuss the S*oner-Wohlfarth model 
for the switching and nucléation phenomenon [22] for a uniaxial particle in an external field. 
The switching curve is obtained by equating the first and second order derivative of the total 
energy of the particle, with respect to the angle (p of the equilibrium magnetization m, to be 
equal to zero, (p is the angle m makes with the easy axis. The curve know as Stoner-Wohfarth 
astroid is shown in figure 4.7, where h\\ and are the components o f the applied magnetic 
field h, these fields are normalized values, by a factor of 2K /Js, where K  is the uniaxial 
anisotropy coefficient and Lm is the magnetization vector with m -  I According to 
Slonczewski [23], the equilibrium magnetization angle for a given field h is equal to (p*, 
which is obtained by drawing a tangent to the astroid from the endpoint of the field vector. A 
number of tangent points are possible for a given field, the (meta-)stable solutions are those 
with a smaller angle relative to the easy axis. In the case when the applied field is in the 
direction o f the easy axis, the stable states are parallel/antiparallel to the h\\ as shown in figure 
4.7(b). Thus the magnetization reverses the direction just at the switching event. This 
transition results in the rotation of the SOP of the input light by 90“ and is therefore 
transmitted through the analyzer.
unstable states
(meta-) stable states
m
Easy axis
(a) Stoner- Wohlfarth astroid
(b) Equilibrium magnetization for H||
Figure 4.7 The switching curve of an ellipsoid uniaxial particle and Solnczewski construction
of equilibrium magnetization.
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4.5 Conclusions
The Faraday rotation for an optical beam size that is comparable to lie domain width 
of the given magnetic material is different than the linear Faraday rotatii,n expected for a 
large beam size. The Stoner-Wohlfartli astroid model predicts very well the observed 
Faraday rotation. This abrupt transition is generally sought after in the design of devices 
especially switching devices. The specified polarizer-analyzer configuration combined with 
the smaller beam size achieves a better extinction ratio.
32
Chapter 5 Switch Theory and Performance Issues
5.1 Introduction
A Mach Zehnder interferometer (MZI) named after scientists Ernst Mach and Ludwig
Zehnder works on the principle of interference of two coherent signals. It is a 2x2 device 
employing two 3 dB directional couplers as shown in figure 5.1 and the amount of 
interference depends on the phase difference of the two signals.
Path difference,
AL  Output 1
3 dB coupler
3 dB coupler
O utput 2
(5.1)
Figure 5.1 Layout of a 2x2 Mach Zehnder interferometer.
The transfer function {Tc) of a 3 dB directional coupler is given by,
..j,. 1  ^ I- ]
^ 2 1
The phase difference of the two signals due to the path difference AL, is,
A o  =  +  A L ) (5 2)
where n / and H2 are the refractive index for top and bottom paths respectively. Input fields 
Ei„i and £,„? at input 1 and input2 are transformed into output fields Eo„u and Eoi,t2 according 
to the value of A<j) as follows.
1
/  \  , 
n u A o - 2 )  cosiA c//2) / Lhr\
Î -I ssi, A'\v. ' 2 j — S I 11,1, Ai.'"' 2 j
/
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Thus the output power is given by equations 5.4, where for,
•  A ' ,  -  “  I I .  / ’i i i , f !  î ï i ' . ' i .  «  I  I I I  I  I  o n '‘l  —  i ' . ' i ' . ' l
* A ( , >  =  I I II . I  Oil y —  ^  /  n l . ' i l , l< l  t c u r i i  —  ^ n t i -
This response is usea in pnotonic switcuing devices, where the effective path length 
difference is couirolkd by various means e.g. thermooptic, electro-optic, acousto-optic 
methods [40-41].
5.2 MZI implemented with magnetooptical Faraday rotator
In this section switching response of MZI by rotating the polarization of the optical
signals by means of magnetooptical Faraday rotators, is analyzed. Thus here control over A(j)
is via control over the state o f polarization o f the signals. A simple schematic is shown in 
figure 5.2. The first 3 dB coupler splits the incoming signal equally at the output ports. 
MOFR samples are placed in each path and the path length difference o f the interferometer 
arms is zero. The signals are then combined by a second 3aB coupler at the output. The 
phase shift required for the interferometric operation is obtained by rotation of polarization of 
the optical signal incident on the MOFR samples.
MOFR*
E-Pit '
. input 3dB
E...............    ' .... ....
............................................ C
E-.U'
OutpCt 5 d 3  - — r — :
.\10^R2
Figure 5.2 Schematic of MZI with MOFR samples.
Using simple matrix analysis we can model the switching operation as follows. The signal at 
the output ports of a 3 dB coupler is given as,
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where and Æ.,,2 are the input signals at the respective input ports o f the coupler and
£„„,iand &te the output signals at the respective output ports o f the coupler. The 
components o f a signal transmitted through a MOFR can be written with the help o f Jones
matrices as.
£,■ ' '
/
ci JS li 
hiU
ilif , ^
"i.ys K
15 til
where k  is the angle o f rotation of the state of polarization (SOP) of the input signal. Let us 
consider a linearly poh rized signal that can generally be written as follows,
I
where ^  is the phase angle. For simplicity and without loss o f gener-dity, (j) =0 and -£„,.=0 
’n be assumed, with the second input Æ',,,2 =0. The output o f the second 3dB coupler is
obtained by matrix multiplication of the individual components of the interferometric setup 
and is given by,
' U  ( I ijfK ( i  — r i  , s  { I ) -f- f/i s i n  — s i u  / ( -j ^
I, , +  eusn i +  //'sinf; +  sin n i] i
where 9 and a  are the Faraday rotation angles of MOFRl and M 0FR2 respectively. The 
values o f the output fields are given in table 5.1 from which one can see the transfer o f the 
optical signal from one output port to another depending on the values o f the angles. Pouti.2 
and Poiit2.2 denote the corresponding optical powers.
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For a 1X1 switch, we choose port 2 as the output port as the SOP o f the original input signal 
remains the same. There is however a 90° phase shift as expected.
5.3 Analysis of Mach-Zehnder Interferometer and Measurements
In the previous section the treatment of the interferometer assumed ideal conditions
such as equal path length, constant ambient temperature and identical optical properties of 
the paths o f the interferometer. For such conditions the switching performance of the switch 
is constant over a range of wavelengths as shown in figure 5.3. The displayed output power is 
normalized to the input power and the calculated extinction ratio is quite high. Thus 
theoretically the MZI works extremely well as a switch however in practice it is highly 
unlikely that such ideal conditions are met. It is important to identify the limitations o f an 
MZI and its sensitivity to a number of parameters, most important of which are wavelength, 
phase, intensity and temperature variations. Since the interferometer is made up of individual 
components, their dependence on these parameters is described in the sections below. 
Experimentally the effect o f each parameter is difficult to measure as they are tightly coupled 
together and isolating them is both a monetary and a technical challenge, e.g to isolate the 
affect o f temperature variations requires a thermal chamber to enclose the setup along with a 
highly stable laser source at the desired wavelength as well as close to ideal 3 dB couplers 
and fibers. As this setup was not possible none o f the parameters were controlled and two 
hundred wavelength and intensity samples were recorded over a time of 5s at different points 
in the interferometer setup. This way the behavior o f the interferometer could be correlated to 
the signal variations. Phase variation measurements were not performed as a constant phase 
reference was not available in the laboratory.
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Figure 5.3 The performance of an h -ZI interferometer is constant over a certain wavelength 
range given that individual interferometer components also perform ideally over
the range of wavelengths.
5.3.1 Thermal effects on optical fiber
The MZI consists of two separate light paths that are constructed with two different
fibers. The fibers may therefore have values of thermal expansion coefficient and thermo- 
optie coefficients that are within the manufacturer's specifications but different from each 
other. Also any difference in the fiber lengths should be taken into account as the phase 
difference o f the respective signals is affected.
Let 11 and I2 be the length, th/ and thi be the thermal expansion coefficients, tot and to? be the 
thermo-optie coefficients of the two fibers with refractive indices and ni respectively. If 
ÔT is the change in the ambient temperature the effective lengths o f the fibers are.
4 - / (  ..
■> • 1/i  T ! i '
1 0  ua,'
(5 nil I
and the refractive index is.
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respectively. The values for the thermal expansion coefficient for &0? is equal to 5 x 10'^ °C 
'm '', and that for the thermo-optic coefficient is equal to 1.2x10'^ [36, 37]. In our 
experimental setup the minimum length difference in the two paths that we could achieve 
was 3 cm. The measurement time of 5  ^was short enough to neglect the thermal effects. The 
effect o f the length difference on the ideal MZI was simulated and the result is shown in 
figure 5.4. We can see that unequal lengths o f the paths cause the device to deviate strongly 
from the interferometric behavior.
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Figure 5.4 Simulated result for a path difference of 3 cm. The interferometer deviates from
its ideal performance.
5.3.2 Laser source noise
The construction o f a distributed feedback laser (DFB) is shown in figure 5.5. The
main contributions to semiconductor laser noise are spontaneous emission, which is
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dominant and electron-hole recombination (shot noise). In spontaneous emission the electron 
in the excited state returns to the ground state and emits a photon with energy equal to the 
difference of the energies of the excited and the ground states. These emissions are of 
random phase and they add to the stimulated emissions thereby perturbing the amplitude as 
well as the phase of the generated optical signal in a random mamier. The rate of spontaneous 
emission in semiconductor lasers is high, about - lO ’^s ', therefore the intensity and phase of 
the emitted light exliibit fluctuations over a time scale as short as 100 ps. A semiconductor 
laser source that is intensity stabilized still has phase noise that is accounted for in equation 
5.11, where <f)(t) is the random phase, / i s  the frequency of the light source and /  is the 
intensity.
j =  Y' / ) (  i 2 :7  / 1, /1  r +  f ) i] i 5  11 )
Another factor in the laser output is that the wavelength (A) of the lasing mode is a function 
of the refractive index of the gain medium (n), the physical length of the cavity (L) and the 
mode-selection filter (mode m), as A = 2nLm. Thus variation of these parameters varies the 
wavelength as follows,
AA An AL  An; .......
A ft' jL O'
A temporally varying temperature will therefore result in lasing wavelength changing with 
time. Also as the threshold current varies with temperature, illustrated in figure 5.6 [], to 
maintain a constant output power level, laser sources adjust the dc-current level by using 
schemes such as optical feedback and feedforward schemes, temperature matching transistors 
and predistortion schemes [79-81].
The Agilent 81640A tunable laser used in this study has a built-in wavelength control 
loop to ensure high wavelength accuracy. It also employs mode-hop free tunability. The laser 
wavelength and intensity stability was measured and recorded as shown in figure 5.7. The 
wavelength deviation at 1550 nm was measured to be 0.8 pm and the power deviation was 
about 0.108 dB. The source here is the combination of Agilent 81640A and the polarization 
controller Agilent 8169A.
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Figure 5,5 Distributed feedback laser construction.
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Figure 5.6 Increase in the threshold current with temperature [42].
5.3.3 Dispersion of the Magentooptical material
The properties o f the magnetooptical material vary with wavelength and the variation
of the refractive index of the material is given by the following empirical formula, where k  is 
in pm [38].
V I i.’ +
1 1
(0 (0 II11 0 -
iTl . f ,
The thermal expansion of the material is equal to 11.0 x 10'*^  °C 'm' ' ,  and the temperature 
coefficient o f Faraday rotation is -0.060 deg/ “C [39].
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Figure 5.7 The deviation of the wavelength and intensity for 200 samples over 
5s was measured.
5.3.4 Reflection from the interfaces
In optical fiber devices where light has to pass through different media, one can 
determine if  reflection from the interfaces has to be accounted for in the analysis o f the actual 
device. An air gap in the fiber to fiber connectors as shown in figure 5.8 and reflection at the 
interface o f two media are the main sourees of reflection in our experimental setup of the 
device.
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Figure 5.8 Fabry perot cavity formed due the air gap in the fiber connector 
Considering normal incidence the transmission is given as,
h  ' / — - It 1 +   ^ f i "h ? iitôL  J
-I =  h-i„ tit‘2* . r / a J
Cl 11; 1.1
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where ôL is the length of the air gap, r is the reflection coefficient at the fiber-air interface,
k = is the propagation constant in the air gap and tj and are the transmission 
A
coefficients at interfaces 1 and 2 respectively. The refractive indices o f the fiber, nj = 1.4488 
at 1550 nm and for air, n„ — 1 and
t =  —    I ■ ,tJ • I : i I
-I = I! f -f~ fhi
( h . J 5 1 1 i
e 1-
The transmitted power is proportional to E'(t) and it decreases as the number of 
roiindtrips in the cavity increases. This is plotted in figure 5.9 for an air gap o f length, ôL = 
0.1 mm, the transmitted power is normalized with respect to the incident power. The power 
transmitted just after a delay of one round trip is about 30 dB less than that ti ansmitted in the 
first transmission, therefore we can safely avoid this in our simulation of the interferometric
device. °
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Figure 5.9 Transmitted power decreases rapidly as the round trips in the cavity increases. The
time delay is with respect to the first transmission.
For an air gap between the input fiber and the MOFR. o f refractive 2.344 at 1550 nm, 
intensity of the second transmission after one round trip in the cavity is about -26 dB less
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than the first transmitted power as shown in figure 5.9, thus it can be neglected in the 
simulation o f the device.
5.3.5 Wavelength dependence of a directional coupler
The coupling section o f an optical fiber based directional coupler has cores of two
optical fibers placed in proximity such that the ftindamental modes propagating in each of the 
fiber cores overlap in the region between the two cores. This evanescent wave coupling is 
responsible for power transfer from one output to the other. Coupled mode theory explains 
the coupling between the two modes [68]. The transfer function (TF) of a directional coupler 
is given by,
/  , \  i I \  i \cos r '4 -r: — sm,"'-TT-
TF
\
where 0(A) is the phase difference between the two supermodes of the coupler [35] over a 
coupling length L. This phase difference 0(A) = (j3^ -  f5_)L is dependent on the wavelength 
as , /3_ are functions of wavelength. 0(A) can also be written as,
where »^(A) is the difference of the effective refractive mdex of the two supermodes. Thus
there are two wavelength dependent terms in equation 5.27, 2.-7/A and A/3 ,^(^) • Experimental
data o f the signal intensity at the output o f the first 3 dB coupler and the second 3 dB coupler 
was measured and are shown in figures 5.10, 5.11 respectively. The first coupler has only 
one input and the second coupler had both inputs.
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Figure 5.10 Measured wavelength and optical intensity data for the first 3 dB coupler.
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Figure 5.11 Measured optical intensity data at the output o f the second 3 dB coupler.
5.4 Results and Discussion
Mat!ah code to simulate the MZI utilizing Faraday rotation was written. The model is
first order and second order effects such as reflections are neglected as described in section 
5.3.4, since they are about 30 dB less than the incident power. The program generated the 
output intensities at the two ports o f the interferometer and approximated their dependence 
on the input wavelength and intensity variations. The data that was measured experimentally 
was fed to the program to provide a realistic performance evaluation of the designed switch 
setup. The path length difference o f about 3 cm was taken into account and the Matlab 
generated output shown in figure 5.12, showed that the interferometer performance was 
extremely sensitive to the fluctuations of the source and the other nonideal components used 
in the experiment. The phase fluctuations due to the source could not be accounted for in the 
simulations as they were not measured due to the unavailability of a constant reference 
source.
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Figure 5.12 Simulated interferometric output considering the measured wavelength and
intensity fluctuations.
Thus we can see that though an MZI has an excellent extinction ratio at ideal 
conditions and at the wavelength it is designed for, its performance deteriorated for 
wavelengths other than its design wavelength and it has least tolerance for path difference as 
well as intensity and wavelength fluctuations. The measured interferometric output is shown 
in figure 5.11; the data was recorded for 1000 samples over a duration of 25j. We can see 
that the output varies with time, however the variation statistics are different than that 
simulated in figure 5.12. One reason for this behavior could be that the phase variations were 
not considered in the simulations as they could not be measured, however the affect would 
manifest itself in the measurements. Another reason is also related to the phase o f the signals 
but is caused by the heating-cooling o f the laser medium the time constant o f which can 
reasonably match the about 3-5 s cycle o f significant power transfer from one port to another.
To see the effect if  any of the ambient temperature change on the performance of the 
interferometer, a simple experiment was conducted. In this experiment a mechanical fan was 
placed a certain distance away from the interferometer setup, and the interferometric output 
was recorded once with the fan off and once with the fan blowing air on the setup. With the 
fan on any temperature gradient established across the length o f the fibers would be disturbed 
and the effect would be seen in the measured data. On comparing the two data as shown in
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figure 5.11 ard  figure 5.13 we can see that there is no difference that could be accounted for 
by a change in the ambient temperature. Thus it can be assumed that the fluctuations in the 
ambient temperature in the range of 23-30"C does not affeet the performance o f the 
interferometer.
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Figure 5.13 Measured interferometric output with the fan switched on.
With this experiment it is clear that the phase fluctuations in the experimental interferometer 
setup are due to phase fluctuations o f the laser source as explained before.
5.5 Conclusions
With these set o f experiments the performance of the MZI utilizing MOFRs was 
analyzed and measured in detail. It was shown that the stability o f the laser source is 
extremely important for the stability o f the interferometer as the MZI configuration is 
extremely sensitive to such fluctuations. Theoretically under ideal conditions the extinction 
ratio achieved in a MZI configuration is quite large however in a realistic setup it is 
determined by the performance of the individual components of the interferometer. We 
showed that even though the ambient temperature was not controlled the MZI performance 
was not affected by temperature varying in the 23 -30“C range. Also the reflections due to air 
gaps in the coimections were extremely small and could be avoided. The most important
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factors responsible "br the temporally varying performance of the interferometer is the laser 
source and the path length difference. Thus an interferometer with zero effective path length 
difference and a stable laser source would enhance the performance of the interferometric 
switch.
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CHAPTER 6 Interferometric Switch Setup and Experiment
The MZI based on Faraday rotation analyzed in chapter 5 was setup in the lab. The 
device is an all-fiber device where light does not exit from the fiber except when propagating 
through the magneto-optic Faraday rotator (MOFR). As the light traverses a distance of 500 
p,m in the Faraday rotator with refractive index 2.344 at 1550 nm, the MOFR is about 750 
wavelengtliS long and therefore the fiber modes are expected to be maintained in the rotator. 
The theory of operation o f the switch is discussed in section 5.2, where it was shown that 
changing the state of polarization o f the tv/o signals via Faraday rotation by magnetooptical 
material samples resulted in switching of the input signal. The experirrient demonstrates the 
switching in accordance with . ur analysis and confirms the theoretical understanding of the 
magnetooptical effects that brings about the switching. We first describe the experimental 
setup below, followed by the results and discussions.
6.1 Experimental Setup
The schematic o f the experimental setup of the switch and the lab setup is shown in
figure 6.1. The input from a 1550 nm laser is linearly polarized with the help of the 
polarization controller (PC), Agilent 8169A. The MOFRs are actuated with the help of 
current carrying solenoids that provide the bias magnetic field. The input laser source, 
Agilent 81640A was modulated at 235 Hz. The switching technique would work for any 
laser modulation frequency from CW to an upper limit of 250 KHz that is determined by the 
switching time (described in section 6.3). With 250 Hz modulation frequency we are far 
below the upper limit and the switching can be easily measured. The optical length différer ,e 
of the two paths was measured about 3 cm as the optical fiber patchcord were obtained off- 
the-shelf and thus getting precisely equal length cables was not possible. MOFRs were 
placed in both the paths in order to introduce the similar insertion loss in the two paths. To 
control the relative phase between the two paths a fiber phase shifter from General Photonics 
was used in one of the paths. A varying voltage across its terminals changed the path length 
of the optical fiber encased in the body of the phase shifter, which resulted in the altered 
phase o f the optical signal. Isolators were used to reduce back reflections in the setup.
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For proof of principle, an external magnetic field was applied aeross MOFRl and the 
field across M 0FR2 remained zero. The output optical power was detected with the help o f a 
high speed InGaAs PIN photodetector, Thorlabs DET410, with detection wavelength range 
of 700-1800 nm. The generated photocurrent was converted to voltage across a 10 k£2 load 
resistor. This voltage was monitored by an oscilloscope.
6.2 Results and Discussion
The correlation between the expected Faraday rotation and therefore the extinction
ratio is not a trivial problem as the precise measurement o f the domains seen by the beam is 
not trivial in the sense that the magnetization angle in individual domains depends on local 
and nonlocal energy terms that make the problem difficult to solve. Thick films are more 
complicated to model as volumetric energy terms are involved and their interaction over the 
whole region is quite complex. In the experiment below we have measured the effect o f the 
beam size on the device performance.
The experiment was carried out for both single mode (SMF) and multimode (MMF) 
fibers. In the case of MMFs only fibers A,B,C and D were MMFs. The measured optical 
intensity is shown in figures 6.2 and 6.3 respectively. With the application of a voltage across 
the MO material the device switched OFF and with no applied voltage the device let the 
input pass through to the output i.e. the device remained ON. Since the Faraday rotation 
undergone by beams of different sizes (but comparable to the magnetic domain size) is not 
the same, this effect is visible in the measured extinction ratio for the ON/OFF operation of 
the switch that was about 8.5 dB for SMFs and about 12.5 dB for MMFs. As discussed in 
Chapter 4, for a small beam size the linear relationship of Faraday rotation and applied 
magnetic field does not hold and individual contributions play an important role in the 
determination o f the Faraday rotation. The domain size o f the ferrimagnetic samples used in 
this experiment was measured to be about 20 qm. Thus a MMF with a beam size of about 
62.5 pm will see a larger number o f domains compared to that seen by a SMF that has a 
beam diameter o f about 10 pm. This results in a value of Faraday rotation that is different 
than that obtained for a SMF. This was justified experimentally as shown in figures 6.2 and 
6.3. For the same value of the external applied field the output was attenuated more for 
MMFs due to a larger rotation seen by the beam.
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Figure 6.1 Schematic and laboratory setup of the interferometric switch.
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In section 4.3 we saw that the Faraday rotation measured for a sample showed 
a nonlinear response when the applied magnetic field was increased, the reason for which 
was discussed in section 4.4. That measurement was with MMFs, here the non linearity of the
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device is measured for SMFs. The magnetic field was varied and the output signal was 
measured as shown in figure 6.4. The signal at the output is attenuated by a large amount as 
the applied field increased to 200 Oe.
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Figure 6.4 Signal attenuation with respect to applied magnetic field.
The insertion loss of the device was measured to be about 4.2 dB and includes Fresnel 
reflection loss from the fiber/MO interface as well as the loss due to individual components 
and fiber connectors. This loss is higher as compared to 1.3-1.7 dB reported in previous 
experiments using free space optics [49], however the all-fiber switch eliminated the need for 
collimating and coupling lenses as well as a quarter wave plate used in other reported 
magneto-optical devices, and the nonlinear response due to the small beam size is 
advantageous considering the nature o f switching devices. Thus the simple assembly of 
interferometric device reduces the cost. Another advantage is that the magnetic field 
requirement is lowered as switching is achieved well below the saturation field o f 350 Oe. 
This leads to lower power consumption of the device which again is desirable in switching 
devices.
One observation in the measured optical intensity is the time varying feature in the 
measured interference signal as shown in figures 6.2-6.3. We notice the absence o f this 
feature when there is no interference as seen in the graph for the measured input signal. It is 
therefore only present when the two signals interfere. The reason for this could be that
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multiple reflections from the interfaces interfere with the propagating signal introducing the 
time varying signal as explained by Meer et. al, [70].
6.3 Switching time measurements and Discussion
The switching time of the device depends on the switching of the magnetic domains
in the magnetic material. In an external magnetic field, the magnetic domains in the direction 
of the field increase in size by two main mechanisms: rotation of individual magnetic 
moments and motion of domain walls. Due to the finite velocity of domain walls domain 
wall, motion occurs on a much larger time scale as compared to individual magnetic moment 
rotation. Consequently the switching time obtained is much larger. Also the displacement of 
domain walls is not reversible due to sut face defects, imptirities, lattice defects and other 
phenomena which minimize the associated magentostatic energy thus pinning them to the 
defect sites. This leads to a fluctuating output power level for different switching cycles, i.e. 
the extinction ratio is not stable. However if the domain walls are tightly pimied in their 
respective positions the problems can be solved. Cutting grooves in planes parallel to the 
domain walls is an example of pinning domain walls at surface defects [50]. In this case the 
switching time obtained can be in the order o f nanoseconds. This however worsens the 
optical loss due to the poor surface quality of the MOFR. Introducing impurities in the 
material also helps to pin domain walls [82], however this method, due to its intrusive nature, 
may affect the properties of the material which is not desirable for device performance.
Another important factor determining the switching time is the external circuit that 
provided the bias magnetic field. There is a time constant associated with the inductance of 
the current coil which it is safe to say is generally greater than the switching time limit 
determined by the domain dynamics. How fast the current reverses in the current coil 
determines the switching time. Back em f is proportional to di/dt, therefore a large voltage 
capacity is needed for rapid change in the current. This was achieved by connecting four 
individual H-bridge ICs capable o f controlling DC currents up to 5A that can be pulse width 
modulated up to 10 kHz. The external field across the MOFRs can be treated as 
homogeneous as the dimensions o f the solenoid (diametei=2 cm, lengtli=6.5 cm) were much 
greater than those of the MOFRs. Figure 6.5 shows the switching of the optical power at the 
output with the measured switching time of about 2  ps.
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Figure 6.5 Measured switching time.
6.4 Conclusions
All all-fiber magneto-optical switch was proposed and demonstrated with promising 
performance and compatibility with fiber networks. The effect of beam size on Faraday 
rotation has been demonstrated. The switching time of the device can be potentially much 
less, on the order o f a few nanoseconds, which is desirable for bit level switching in fiber 
communications networks.
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CHAPTER 7 Integrated Mach Zehnder Switch
7.1 Introduction
The existence of the vast microelectronics infrastructure is fueling research and 
development o f photonic integrated circuits on silicon based substrates especially silicon-on- 
insulator (SOI) [52-53]. Both the optical waveguides and electronic control circuitry can be 
integrated on the same chip resulting in efficient devices with low production costs. Silicon 
has been the center o f attention and attempts have been made to derive various functionalities 
from the material by tailoring its properties. For instance doping Si with Erbium to make it 
optically active and therefore create silicon based light emitters and lasers [57] and similarly 
doping Si with Ge for constructing silicon-based photodetectors operating at optical 
communications wavelengths o f 1310nm and 1550nm [58]. The two types o f integration 
methods are monolithic where all the components are made on the same substrate and hybrid 
where some of the components are processed separately and then assembled [59]. For 
magneto-optical devices it is difficult to fabricate the material monolithically on 
semiconductor substrates using standard processing methods. The process conditions 
required to obtain high-quality ferrites include both temperatures over 700 °C and oxidizing 
atmospheres [54]. A substantial difference in the coefficient o f thermal expansion exists 
between most ferrites and semiconductors, leading to large stress at the ferrite/semiconductor 
interface as the wafer is cooled to ambient temperature from the high growth and processing 
temperatures. Wafer bonding is another technique that has been used to bond garnet films on 
SOI substrates [55]. It uses the attractive forces between materials to adhere together and 
thus two wafers can be connected without any adhesive [56].
7.2 Proposed Integration and Single Mode Waveguide Dimensions
We present an integrated design for the MZI utilizing Faraday rotation bulk prototype
described in section 5.2. Hybrid fabrication technique is proposed for the design wherein the 
bulk FR samples can be inserted in the path o f the optical waveguides. The SOI wafers were 
obtained commercially from IceMOS Technology [63], and the wafer fabrication technique
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description described below can be found on the referenced website. The main steps of 
fabrication of the SOI wafer are,
• Handle Si wafer is ground flat and surface polished to remove all damage.
• It is then cleaned and oxidized using wet or dry oxidation.
• The deviee layer which is the top Si layer is then bonded to the handle wafer. High 
temperature annealing is done to form a stable bond wafer.
• The device layer is then ground and polished to customer specifications.
Phoenix BV photonic waveguide suite has been used for the simulations o f the 
integrated device [60]. For simulations a 3D structure is simplified into two 2D sh uctures as 
shown in figure 7.1. The FieldDesigner tool simulates the index profile of the ribwaveguide 
and the modes profile [6 6 ]. The OptoDesginer tool simulates the solution for light 
propagation thorough the length of the waveguide using Beam Propagation Method for larger 
devices and uses finite difference time domain (FDTD) method for smaller devices [67].
y
L>- Cross-Section (X.Y)
\
T o p v ie w  (X .Z )
z
I Phoenix 
▼  FieldDesigner 
Mode-field
I Phoenix 
▼  OptoDesigner 
Propagation (field)
*
Figure 7.1 Tools used for the simulation of 3D structure [60].
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The waveguides are fabricated on silicon-on-iiisulator wafers that have the following 
dimensions: Handle thickness 475 [i,m, oxide thickness of 5000A° and device thickness of 
about 10 !-im. These dimensions were chosen in order to be compatible with single mode 
fibers with core diameter of 10 pm which would be end coupled to Si waveguides. Efficient 
coupling o f fibers to waveguides have been investigated and various techniques have been 
proposed in literature, such as tapered coupling sections [61], that may be also be irregular
[62]. These sections adiabatically change tlie spot size from the input waveguide to the 
output waveguide and therefore have less loss. The focus m this design is however the Mach- 
Zehnder structure and how to integrate the magneto-optical sample with the MZI device.
M OFR
S i rib w a v e g u id e s
co u p ler
co u p ler
SiO:
Figure 7.2 Schematic of the proposed integrated switch.
The proposed fabricated device is shown in figure 7.2. The input and output couplers 
are 3dB single mode couplers fabricated by etching the top Si layer. Single mode waveguide 
dimensions are calculated by using the guidelines provided in references [64, 65]. Soref et. 
al. [64], used the mode matching technique to derive the following relationship, refer to 
figure 7.3.
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H = W = 10 um
0.5 um
475 um
Figure 7.3 Schematic of the 3D Si waveguide
(7.1)
where a  = 0.3 and 0.5 < r  s  1.0. The restriction on r  eliminates the propagation of higher
order modes and the value of a  limits W  such that higher order horizontal modes are
prohibited. Pogossian et al. used the effective index method and calculated the value of a  = 0
[65]. Thus using the analysis by Pogossian et al. and the values o f H  = W= 10 pm we have,
IT r _  ,
H V 1 -  r
r -  > Ù :
11.2a} 
I'7.2b)
/• > 0.707 (7.2c)
Thus we chose r == 0.71, the depth o f etch is therefore calculated to be D= 2.9 pm. For the 
calculated dimensions the principle mode propagating is simulated using the FieldDesigner 
tool of the Phoenix BV waveguide suite. The simulated mode is shown in figure 7.4. 
FieldDesigner uses effective index method [6 8 ], to calculate the effective indexes for the 
waveguide and the background, this data is then used by the OptoDesigner to calculate the 
propagation profile o f the modes. Now the MZI structure was calculated with the 
OptoDesigner software and the dimensions are shown in figure 7.5. The simulated 
propagation field is shown in figure 7.6. We can see how the power is transferred from the
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input to the output port in the MZI structure. The structure becomes quite lossy at the 
interface of the Si waveguide and the MOFRs and experimentally we may expect some cross 
coupling due to the dispersed fields. The OptoDesigner software however does not have the 
ability to consider magneto-optical parameters of a material, thus simulations showing the 
effect o f polarization rotation via Faraday effect were not possible. The operation of the 
device has therefore to be confirmed experimentally and these simulations were just the 
groundwork to obtain the device layout for fabrication purposes. We proposed Deep Reactive 
Ion Etching for fabrication of the Si waveguides and for creating trenches for the placement 
of the magneto-optical Faraday rotator at positions A and B shown in figure 7.2.
Figure 7.4 Simulated mode profile for the 3D Si waveguide.
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Figure 7.5 Simulated dimensions and layout of the proposed Faraday rotation 
based MZI.
Figure 7.6 Simulated profile for the proposed Faraday rotation based MZI.
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7.3 Conclusions
An integrated switch MZI switch has been proposed and initial simulations have been 
performed using the Phoenix BV optical waveguide softv suite. The calculated 
waveguide dimensions and the interferometric layout has been simulated; however, the 
effects o f the rotation o f polarization could not be calculated due to software limitations.
7.4 Future Work
In the future work, the MZI layout can be implemented on SOI substrate based on the above 
simulations. Experimentally, the challenges are integration of the magneto-optical material 
with the SOI waveguides. Another challenge would be design of a high Q microsolenoid that 
provides the bias magnetic field to the magneto-optical materials.
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CHAPTER 8 Fiber based imaging for magnetic materials
Several techniques have been used to image magnetic domain structures. An excellent 
review of these techniques is provided by Hubert and Schafer [16]. The techniques are 
Lorent7 -mode transmission electron microscopy (TEM) [71], neutron scattering [72], 
scanning electron microscope with polarization analysis [73], and transmission X-ray 
microscopy. These techniques although highly effective tools for imaging magnetic 
properties, either require ultrahigh voilet (UHV), meticulous sample preparation and/ or 
expensive X-ray or electron optics, limiting the use of such techniques. Magnetic force 
microscopy (MEM) has become established as means of imaging the stray fields o f magnetic 
samples [74-75]. However the magnetic probe used has a high field gradient that limits its 
use in soft magnetic materials. More references can be found in the paper by Dickson et al.
[76].
Optical techniques are noninvasive and highly sensitive. The advantage of these techniques 
mentioned by Dickson et. al are that the samples require no shielding and the dynamic 
movement of the domains in an applied magnetic field can also be imaged precisely. Fiber 
optical technology has evolved over decades and fibers with small crossections can be 
constructed readily. Thus we can get a very small beam size without collimating and 
converging lenses required in conventional optical microscopes. The interaction of photons 
with the electronic structure of a material can be used to determine the internal structure of 
the material such as magnetic domains of a magnetic material. Here we present the 
laboratory setup and experiment for a line scan of the magnetic sample.
8 J Principle of optical microscopy
Optical techniques generally use polarization discrimination i.e. a polarizer analyzer
combination that modulates the intensity of the input signal according to the Faraday/Kerr 
rotation ihut the signal undergoes on transmission through or reflection from the magneto- 
optic med;a. 7 lie measured intensity is correlated to the magnetic structure o f the media. The 
optical beam when transmitting through a domain that is magnetized in the direction of the
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applied field experiences negligible rotation but when transmitting through a domain that is 
magnetized in the direction opposite to the applied field the light is rotated by ±45° relative to 
the original polarization state of the optical beam. In the magnetic domain wall the 
polarization of the beam experiences a gradual change between the two cases discussed 
above.
The domain observation depends on the orientation of the output analyzer with respect to the 
incident optical beam. The two cases are shown in figure 8.1 and are
1. When the analyzer is oriented perpendicular to the SOP of the input signal as shown 
in figure 8.1 (a) the output intensity pattern is as shown in the figure 8.1 (b). In this 
configuration a better resolution for the domain walls can be obtained.
2. When the analyzer is oriented perpendicular to the SOP o f light after it travels 
tlirough say the parallel domain. This case is shown in figure 8.1 (c) and the output 
intensity profile is shown in figure 8 .1  (d).
8.2 Experiment and Discussion
The samples used were bismuth substituted iron garnet
((j&/i ,7^, 9 )(Fe4 25Ga(,,5 )0 ,2 ) which was also used in all the described experiments. The
experimental setup schematic for the ID scanning of the sample is shown in figure 8.2. The 
sample is mourned on a motorized stage M-110, with 7.5 nm resolution. Standard single 
mode fibers with MFD of about lOmum are used as the input and output fibers. The fibers 
are aligned such that maximum light is collected by the output fiber. The polarization 
analyzer configuration is setup as shown in figure 8.1 (c). A computer connected via the 
GPIB interface to the measurement equipment records the output power and controls the 
motorized stage as well. The fiber assembly was kept fixed so that the sample could be 
scanned by moving it in between the fibers. The sample was scanned with no external 
applied field and the transmitted optical power is recorded, then a field equal to ±60 Oe 
which is equivalent to ±1.5A current through the solenoid is applied. The measured output 
power for the length of the scan is shown in figure 8.3. As shown in the figure we can see 
that the fluctuation of the measured output intensity as the probing light beam passes from 
one domain to another. Figure 8.4 is an example of a line scan that could be measured with
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the experimental setup. We can see that the domain walls are not uniformly thick and the 
thickness varies with respect to the position on the sample for instance at point A the domain 
walls are thicker than at point B. The same line scan was done for an applied field o f ±60 Oe 
and a shift in the intensity profile was measured. This shift is due to the change occurring in 
the domain structure due to the application of the external field. With the application of the 
external field the domain which has magnetization parallel to the applied field grows in size 
whereas the domain that has antiparallel magnetization reduces in size. Thus the domain 
walls move to adjust their positions with the expanding and shrinking domains. This has been 
captured in the measured scan and this principle can be utilized to construct a 2D scan that 
would provide a better system for imaging the domain structure.
SOP input 
signal ‘
SOP rotatio^ n^ by +4 5 ° 
a n tip a ra lle l-45° 
domain (APD) ^
SOP rotation
by parallel 
 ^ /  domain (PD)
j j a -------------- ^
Polarizer axis
SOP input 
signal
(a)
V ^SOP rotation by + 4 5 0  /
antiparallel V  .4 5 ° ,/ëOP rotation 
domain by parallel
X. domain
Po arizer axis
Direction of scan
Light in
Domain wall
PDAPD
analyzerL i^ t  out
Length of scan
Figure 8.1 Analyzer orientation, (a) perpendicular to input SOP, (c) 
perpendicular to SOP obtained after passing through the magnetic 
material, (b) ,(d) Intensity profile at the output o f the analyzer.
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Figure 8.2 Schematic of the one dimensional setup.
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Figure 8.5 Proposed fiber based imaging system.
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Based on the findings a new fiber based magnetic imaging system is proposed, a 
schematic o f which is shown in figure 8.5. We propose using an array o f nanodetectors and 
large core input and output core with very short lengths to eliminate the speckle associated 
with large core fibers due to interference. The large core o f the fibers and the photodetector 
array would enable a snapshot o f the domain structure of larger area, thus reducing or even 
eliminating the need of scanning procedure used in microscopes such as optical scanning 
probe microscope.
8.3 Conclusion
A one dimensional scan of the magneto-optical sample was performed with a simple 
fiber based assembly. The idea can be expanded for dynamic Imaging of the domain 
mechanisms in the presence o f an applied magnetic field. A new system for dynamic imaging 
of domain mechanism has been proposed.
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CHAPTER 9 Summary and Conclusions
1. The Faraday rotation for an optical beam size that is comparable to the domain 
width of the given magnetic material is different than the linear Faraday rotation expected for 
a large beam size. The Stoner-Wohlfarth astroid model predicts very well the observed 
Faraday rotation. This abrupt hansition is generally sought after in the design of devices 
especially switching devices. The specified polarizer-analyzer configuration combined with 
the smaller beam size achieves a better extinction ratio.
2. With the set o f experiments the performance of the MZl utilizing MOFRs was 
analyzed and measured in detail. L was shown that the stability of the laser source is 
extremely important for the stability of the interferometer as the MZI configuration is 
extremely sensitive to such fluctuations. Theoretically under ideal conditions the extinction 
ratio achieved in a MZl configuration is quite large however in a realistic setup it is 
determined by the performance of the individual components o f the interferometer. The most 
important factors responsible for the temporally varying performance of the interferometer is 
the laser source and the path length difference. Thus an interferometer with zero effective 
path length difference and a stable laser source would enhance the performance of the 
interferometric switch.
3. An all-fiber magneto-optical switch was proposed and demonstrated with 
promising performance and compatibility with fiber networks. The effect o f beam size on 
Faraday rotation has been demonstrated. The switching time of the device can be much less, 
on the order o f a few nanoseconds, which is desirable for bit level switching in fiber 
communications networks.
4. A one dimensional scan of the magneto-optical sample was performed with a 
simple fiber based assembly. The idea can be expanded for dynamic imaging of the domain 
mechanisms in the presence of an applied magnetic field. A new system for dynamic imaging 
of domain mechanism has been proposed.
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5. In the future work, the MZI layout can be implemented on SOI substrate based on 
the simulations. Experimentally, the challenges are integration of the magneto-optical 
material with the SOI waveguides. Another challenge would be design of a high Q 
microsolenoid that provides the bias magnetic field to the magneto-optical materials.
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